Abstract-To date, lasers have not succeeded in replacing mechanical tools in many hard tissue applications. Slow material removal rates and unacceptable collateral damage has prevented such a successful transition. Ultrashort pulses (<10 ps) have been shown to generate little thermal or mechanical damage. Recent developments now enable such short-pulse/high-energy laser systems to operate at high pulse repetition rates (PRR's). Using proper operating parameters, ultrashort pulse lasers (USPL's) could exceed the performance of conventional tissue processing tools and yield significant material volume removal while maintaining their minimal collateral damage advantages. As such, for the first time, USPL's offer real possibility for practical replacement of the air-turbine dental drill or other mechanical means for cutting hard tissues. In this study, the subpicosecond interaction regime was investigated and compared to nanosecond ablation by using a Titanium:Sapphire Chirped Pulse Amplifier (CPA) system with 1.05-m pulses of variable duration. Both 350-fs and 1-ns pulse regimes were studied. Ablation rates (AR's), ablation efficiency, and surface characteristics revealed through electron micrographs were investigated. The study characterized the interaction with a variety of hard tissue types including nail, midear bone, dentin, and enamel. With 350-fs pulses, tissue type comparison showed a remarkably similar pattern of ablation rate and surface characteristics. Negligible collateral damage and highly efficient per-pulse ablation were observed in this pulse regime. These observations should be contrasted with the 1-ns pulse ablation characteristics where strong dependence on tissue type was demonstrated and ablation efficiency was approximately an order of magnitude smaller. With efficient interaction which minimizes collateral damage, and with both cost and size of ultrashort pulse systems decreasing, the implications of this study are far-reaching for the efficient use of USPL's in several fields of medicine that currently apply traditional surgical methods.
rapid, precise, and accurate operation with minimal thermal and mechanical damage to surrounding tissue. Lasers have, therefore, been applied to a variety of sensitive hard tissue applications such as midear bone ablation, implantation of joint prostheses in orthopedic surgery, removal of malignant tissue, and dental procedures involving hard tissue. In the field of dentistry, laser applications include treatment of oral malignancies and periodontal diseases, dental caries control and removal, removal of hard tissue for cavity and restoration preparation, and related sterilization [1] [2] [3] [4] [5] [6] [7] . Visible and infrared continuous wave and long pulse lasers are also used to optically drill a hole through the stapes foot plate (stapedotomy operation) in the surgical treatment of otosclerosis, a disease in which the stapes bone fuses to the surrounding hard tissue in the middle ear [8] [9] [10] [11] [12] [13] [14] [15] . Although using lasers to remove bone has been considered for many years, it is still not widely practiced in spite of considerable research in this area [16] [17] [18] [19] [20] [21] [22] [23] . Orthopedic applications such as arthroscopic surgery (partial meniscectomy, synovectomy, chondroplasty); cartilage and tendon removal; bone incisions; and microperforation, resurfacing and texturing of cartilage, tendon, and bone have emerged as areas of laser applications [24] . Current research in areas of laser hard tissue ablation includes artheroscleratic plaque removal [25] [26] [27] [28] , preparation of vascular surfaces for stent insertion, and treatment of numerous conditions found in the nail unit [28] .
In spite of their promise, lasers today are still limited in their ability to remove sound tooth or hard tissue structure. Specifically, lasers can remove only small quantities of hard tissue and still avoid thermal and mechanical damage to remaining layers. Even with the application of air and/or water coolants and the use of higher repetition rates, lasers cannot cut tissue as efficiently as the conventional rotary drill [29] .
Additionally, efficient laser operation is associated with ejection of a plume debris and plasma generation which cause shock wave and vibration propagation in the bulk of the tissue, secondary (possibly mutagenic) emission, and the possible sensation of pain. While some of these characteristics are also associated with the mechanical drill, developing the ability to avoid or minimize such detrimental side effects using the lasers would greatly enhance the efficacy of clinical procedures and have broad implications for applications to other types of laser surgery as well.
Capitalizing on the evolving technology of ultrashort pulse lasers (USPL's), we have identified a laser parameter regime which could provide hard tissue interaction characteristics that are superior to conventional drill technologies and other, longer pulse laser systems. The major advantages of the USPL tissue ablation method are: 1) efficient ablation due to small input of laser energy per ablated volume of tissue and the resulting decrease of energy density needed to ablate material; 2) minimal collateral mechanical damage due to the efficient ablation and the short duration of the stress impulse; 3) minimal collateral thermal damage due to a) the extremely short deposition time and b) the fact that a large fraction of the deposited thermal and kinetic energy is carried away with the ablated tissue; 4) the ablation threshold and rate are only slightly dependent on tissue type and condition; 5) extreme precision in ablation depth is achievable because only a small amount of tissue is ablated per pulse and the number of pulses can be controlled by feedback mechanisms; 6) low acoustical (operating) noise level (as compared to the acoustical noise produced by the high-speed dental drill or other laser systems); 7) minimized pain due to localization of energy deposition and damage; 8) ability to texture surface by controlled beam profile and rastering; and 9) precise spatial control: the intensitydependent, multiphoton process self-ensures that tissue below or laterally removed from the beam focus will not experience ablative interaction. Finally, since ultrashort pulses interact strongly with all matter regardless of specific linear absorption characteristics, efficient processing of almost all tissue types is possible.
II. MATERIALS AND METHODS
For plasma-mediated ablation studies, laser pulses generated by a 1.05-m Ti:Sapphire chirped pulse mplifier (CPA) system were used [30] . The basic laser system is illustrated in Fig. 1 . Seed pulses of 100 fs from a Kerr-lens mode-locked, Ti:Sapphire oscillator were stretched to 1 ns in a four-pass, single-grating pulse stretcher. Amplification by nearly 10 to the 6-mJ range was achieved in the TEM stable cavity mode of a linear regenerative amplifier. Further amplification to the 60-mJ level was achieved in a Ti:Sapphire ring regenerative amplifier, which supported a larger (2.3 mm) beam diameter and reduced nonlinear effects. In our experiments, the system operated at 10 Hz; however, single pulses could be extracted as well.
After amplification, we compressed the pulses in a fourpass, single-grating compressor of variable length. By varying the dispersive path length of the compressor, pulses of continuously adjustable duration from 0.3 ps to 1 ns were obtained. The root mean square energy stability was typically less than 3%. Due to saturated amplification in the regenerative amplifiers, the maximum energy never exceeded the average by more than 6%. Smooth, reproducible, high-quality beam intensity profiles are important in order to ensure uniform interaction at the targeted surface.
Ablation measurements were performed with laser spot size of 0.5-mm diameter (e intensity). Laser pulses were focused onto the tissue sample by a 1-m focal length lens, with a variable distance to the sample. The spot size was measured with a charged coupled device (CCD) camera. The laser spatial mode at the sample had a 98% or better fit to a Gaussian, so the effective diameter as measured on the camera system was combined with the measured energy to give the pulse energy fluence. Estimated absolute uncertainty in fluence was 15%, but relative values were within 5%. Ablation studies were performed using thin dentin slices, nail specimen, and incus midear bone. Dentin slices 0.5-1.0-mm thick were cut from the middle section of freshly extracted third molars, in a plane perpendicular to the occlusal-cervical direction. Teeth were treated with 0.5 M EDTA for 2 min to remove the smear layer, then stored in 10% thymol solution until treatment. Slices were prepared parallel to the crown and washed with demineralized water. All slices included an external ring of enamel tissue on the outside and a large mass of dentin on the inside.
Ablation rates (AR's) were determined by viewing the crater edge and bottom with an optical microscope coupled to a calibrated micropositioning depth gauge (Digital gauge DG-2100S, Sony, Japan). Craters generated by 100 pulses were examined. The microscope objective was focused on the upper surface, and then refocused on the crater floor. The microscope depth of focus was 5 m However, since craters generated by 100 pulses were generated, the measurement uncertainty of ablation per pulse was 0.05 m The depth gauge measured the vertical motion of the objective to within an accuracy of 0.01 m. Both the mean and the standard deviation are reported in the figures below.
Following irradiation, the dentin was washed briefly with 100% ETOH and mounted on stubs using colloidal silver liquid (Ted Pella, Inc. Redding, CA.) with the laser treated areas pointing upward, and then gold coated on a PAC-1 Pelco advanced coater 9500 (Ted Pella, Inc. Redding, CA). Micrographs were taken on a Philips 515 (Mohawk, N.J) scanning electron microscope.
III. RESULTS

A. Ablation Rates
The AR's in enamel and dentin at all fluence levels studied are summarized in Fig. 2(a) . Also included in the figure are AR's for human nail and midear bone. The AR's for the 350-fs pulses are shown in the lower fluence regime and, for comparison, AR's with nanosecond pulses are shown at the above-threshold fluence of 34 J/cm With 350-fs pulses, ablation threshold for dentin was at 0.5 J/cm and for enamel at 0.7 J/cm In contrast, ablation threshold for dentin with the longer, 1-ns pulses of 1.05 m is about 20 J/cm As is evident from the data, both enamel and dentin show a clear pattern of saturation in the amount of material removed as a function of pulse fluence, and above 3 J/cm very little increase in the amount of material removed is brought about by additional pulse energy.
In dentin, the ablation rate increased rapidly from the ablation threshold at approximately 0.5 J/cm to about 1 m/pulse at 3 J/cm , where AR for both types of tissue were very similar. Beyond that, increasing the laser fluence by a factor of 5 yielded only a small ( 20 %) increase in the amount of material removed. A similar decreasing return pattern is also observed in ablation of enamel, where there was effectively no increase in AR in response to a corresponding (fivefold) increase in fluence.
As in the case of dental tissue, ablation threshold in nail and midear bone tissue is exceeded as the laser fluence is raised to 1 J/cm As shown in Fig. 2 (a), AR's at 2.0 J/cm are approximately 1.45 m/pulse in nail, and 1.26 m/pulse in midear bone (incus). The ablation efficiency of these two very different tissue types are similar to those of the dentin and enamel, a fact that illustrates the weak dependence of this pulse regime AR on tissue type.
The nanosecond-regime pulse ablation at 34 J/cm demonstrates a dramatically different interaction picture. Here, 3 J/cm is well below the ablation threshold of either enamel or dentin. Ablation threshold for the nanosecond system was observed at approximately 20 J/cm Most efficient ablation was observed at approximately 34 J/cm which yielded 3.8 m and 1.2 m for dentin and enamel, respectively. At 1 ns, therefore, the same fluence level results in a very different AR (dentin ablation is almost a factor of 4 greater). 
B. Scanning Electron Microscopy
Dentin and enamel ablation were observed using electron microscopy to study the effect of pulse fluence on the ablated surface morphology. The basic morphological characteristics were established immediately above threshold at 1 J/cm , as shown in the selected electron micrograph of dentin ablated surface [ Fig. 3(a) ]. Much of the surface is covered with exposed tubules and shows little evidence of melted Hydroxyapatite. Only about 10% of the crater is covered with melted dentin. The melted and resolidified Hydroxyapatite is concentrated mostly at the center of the crater inside an area of about 200 m in radius. Similar surface characteristics are shown in the electron micrograph of low fluence (3 J/cm ablated enamel [ Fig. 3(b) ] where, again, only a small fraction of the surface is covered with melted hydroxyapatite.
At the higher fluence of 16 J/cm (not shown), the ablation crater in dentin was about 0.8 mm 1 mm, almost a factor of 2 larger than the 0.5-mm beam spot size. For enamel, the ablated crater is somewhat smaller, measuring 0.62 mm 0.85 mm and, again, exceeds the beam spot dimensions. Interestingly, however, both for enamel and dentin, ablated surface morphologies are similar to the lower fluence pattern.
An electron micrograph showing a side view of the dentin ablation crater was obtained by exposing a sectioned tooth edge to the laser beam [ Fig. 3(c) ]. Half the beam was used to ablate the surface and generated a conically-shaped crater through the tissue, while the other half was allowed to continue uninterrupted. The clean, damage-free characteristics of the crater walls are illustrated in this high magnification micrograph.
The extent of tissue modification of the material below the ablated surface is illustrated in Fig. 3(d) . The crack at the bottom of the crater (generated by the selected electron micrograph preparation and not by the effect of the laser) exposes changes in tissue in the direction of the beam. Visual physical modifications appear to extend only 1-2 m into the crater floor. Indeed, some tubules (both covered and exposed) show no sign of damage beyond this thin layer of modified surface. The crater walls show a very similar effect with only 1-3 m of apparent physical modification.
The different characteristics of the nanosecond pulse ablated surfaces can be seen in the scanning electron micrograph viewing of dentin ablation by 34 J/cm Fig. 3(d) illustrates the enamel ablation crater and the circle of material modification in a nanosecond ablation (34 J/cm ). As we noted above, the same beam spot size (500 m) was used in the nanosecond beam. Here, however, the actual ablation crater in enamel is approximately 300 m, and the diameter of the zone of visible modification is 800 m. Dentin ablation craters [ Fig. 3(e) ] are also about 300 m in size, but the zone of visible modification is as large as 2.8 mm. This is remarkably large in comparison to the results observed with the 350-fs laser where zones of physical modification and ablation crater size are almost identical and overlap.
Finally, scanning electron micrographs of craters generated following the ablation of midear bone (incus) and nail tissues are shown in Fig. 3(f) and (g), respectively. The same, clean, damage-free pattern that we observed in the hard dental tissue is clearly seen here. No signs of thermal or mechanical alteration of the tissue are observed.
C. Temperature Measurements
Temperatures observed at the back surface of a 1-mm thick dentin slices are shown in Fig. 4(a) . The results show that temperature increases due to 3 J/cm 350-fs pulses at 10 Hz are minimal even at this close proximity to the ablated surface. Temperature increases do not exceed more than 2.5 C above room temperature (23 C) even after 70 s of laser irradiation. We also note that the IR camera observation of the ablated front surface showed a maximum temperature of only 26.9 C This shows that, while the instantaneous temperature rise due to hot plasma generation is clearly very large, the cumulative thermal effect on a time scale which will allow significant heat diffusion into the tissue is clearly negligible.
For comparison, we studied the temperature rise due to 1-ns pulses under otherwise similar conditions and at the same pulse repetition rate (PRR) (10 Hz). In contrast to the short pulse case [ Fig. 4(a] , at the ablating fluence of 34 J/cm , temperatures rose 8 C above room temperature within the first 2 s of the interaction. Temperatures then increased linearly to as much as 70 C after 50 s of continuous ablation. A comparison of the curve generated by the experimental 350-fs data to a thermal diffusion model is shown in Fig. 4(b) . The model accounts well for the observed experimental values and is, therefore, important for attempting to predict thermal response at the higher repetition rate (see Section IV).
IV. DISCUSSION
A. Ablative Considerations
Due to differences in both interaction paths as well as effects, laser ablation of tissue by short and long pulses can easily be distinguished. Briefly, long pulse interaction with hard tissue is dominated by the absorption characteristics of the light [31] . Laser radiation, absorbed in a layer near the surface heats up and melts the material. Material removal, however, is not only a consequence of direct vaporization. Vaporization also creates recoil momentum which then forces out liquid material in secondary ejection. If pulse intensity is increased further, plasma formation takes place near the surface. Plasma sheath shields the material and ablation efficiency drops. Long pulse heating is sufficiently slow to allow thermal energy to penetrate deep enough into the material to induce both direct damage and thermo-mechanical stresses which generate cracks in the material. The cracks shown in the nanosecond-generated crater of Fig. 3 are a good illustration of the effect of thermomechanical stress effects. As a consequence, collateral damage is often unacceptably high, for various medical applications. Shortening the pulse duration results in smaller volume heating and [as shown in Fig. 2(a) ] the threshold energy needed for ablation decreases as well. From a practical point of view, both short and ultrashort pulse ablation suffers from the same problem: the amount of ablated tissue per pulse is relatively small, on the order of a single micron of tissue thickness per pulse. Attempting to increase this AR by increasing pulse fluence are frustrated because of plasma shielding effects and rapid decrease in ablation efficiency [ Fig. 2(b) ].
For comparison, ablation with mid-IR 250-s pulse systems (e.g., the solid-state Er:YAG), yields as much as 40 or even 70 m per pulse [3] , [4] , [32] . At the same time, excessive heating at pulse repetition rate larger than a few hertz as well as excessive mechanical stresses generated by each pulse significantly limits the ability of these long pulse systems to effectively compete with traditional tools like the mechanical air-turbine drill.
Effectively, our choice is limited to one between the clean, negligible-damage ablation of the short pulses which remove only a minute amount of material with each pulse, and that of the much larger per-pulse removal rates of the long pulse lasers which have limited applicability due to their thermal and mechanical collateral damage.
Considering the rapid development in the field of CPA and USPL technology, we anticipate that high PRR and high pulse energy will soon be available. With these developments in mind, we conducted the above experiments in order to characterize single-pulse thermal and mechanical effects. These experiments also allow us to estimate pulse to pulse thermal coupling and cumulative thermal and mechanical effects at high repetition rates. If our studies prove that large cumulative thermo-mechanical effects are not generated, such USPL systems can be used for larger material volume removal while, at the same time, still confining and minimizing collateral damage. USPL systems could, therefore, become practical tools in many hard and soft tissue applications.
Biological tissue can be considered as wide bandgap dielectrics. The deposition of laser energy into such materials can be summarized in the following way [30] . Electrons oscillating in the laser field gain energy as a result of phonon scattering (Joule heating). When the electron energy exceeds the band gap, new electrons are ionized generating an electron avalanche.
Experimentally, it has been shown [31] , [33] that the damage threshold to dielectrics decreases with laser pulse duration , approximately according to the dependence This result is a consequence of the thermal origin of the energy coupling process. At the same time, the extent of collateral damage also decreases with the pulse duration For ultrashort pulses (pulses shorter than 10 ps), the physics of the interaction changes. Here, the direct production of free electrons via multiphoton absorption (MPA) is crucially important. Even when total number of electrons produced by MPA is small they provide the initial, seed electron for avalanche. As a result, the ablation threshold for USPL is independent of material defects and insensitive to linear absorption. Experimentally, it is manifested as a deviation from the dependence and through a modification to the damage morphology. Specifically, ultrashort pulse absorption is characterized by the following.
1) Following seed electron generation via multiphoton ionization, avalanche process induced by the electromagnetic field continues to generate free electron in an exponential growth. Consequently, laser energy deposition increases exponentially as well.
2) The laser intensity is so high that MPA plays a key role. Generated via multiphoton absorption, free electrons absorb the energy from the laser light starting an ionization avalanche. Even transparent material becomes strongly absorbent, independent of the linear absorption characteristics. 3) When the density of free electrons (plasma) reaches the plasma becomes highly reflective to incoming radiation. (Note, cm for m At this point, the plasma becomes highly reflective. A comparison of the measured temperatures on the back surface of a 1-mm dentin slice during irradiation using 350-fs pulses at 3 J/cm 2 and 10 Hz, to that of calculations using the heat conduction model. At these higher electron densities, strong absorption of light takes place only in a thin layer whose thickness is inversely proportional to Energy is thus unable to penetrate into the material where is the plasma permitivity and is the electron density. All subsequent absorbed energy is deposited in this layer.
This process continues up to total electron ionization. After total electron ionization, the absorption drops sharply and an increase in laser intensity does not result in an equal increase in the material energy content.
It is customary to define the threshold pulse energy as an energy sufficient to produce a conduction electron density equal the critical density. At 1 m (see e.g., [30] ), this implies cm At this point, deposited energy is high enough to break material bonds and to evaporate tissue. When electron density exceeds , radiation can no longer penetrate into the material, and is partly reflected back and partly absorbed in a thin surface layer. When all electrons are ionized in the surface layer, the optical depth of penetration does not decrease any further and subsequent incoming energy results in increased free electron energy in this layer while reflectivity continues to increase as well.
As was discussed above, the laser energy is deposited in a very thin layer of material and, consequently, deposited energy density is much larger than that of binding energy. After, pulse termination, energy from the electrons is transferred to ions in the material lattice and material ejection takes place. The typical time scale for this latter process is nanoseconds-a much longer time than the deposition time scale. Such a situation is typical for the problem of "impact loading" [34] , [35] . Because of its high deposited energy density, the material can be considered as an ideal gas and we expect that the time evolution will be self-similar. The shock propagating into the material heats and evaporates material below the deposition zone. For estimate of the ablated material thickness [35] with accuracy of coefficient close to one was used the formula Here, is the deposited energy per area, and is the evaporation energy per unit volume. The numerical factor of 5 indicates that beyond bond breaking the ejecta must be accelerated up to velocities and some of the absorbed energy will be used for it. Typical evaporation energy for ceramic like material is about 3000 J/cm For a typical absorbed pulse energy fluence of about 1 J/cm we estimate the ablation depth per pulse as m This value is reasonably close to the experimental values. For carries removal or partially damaged enamel and dentin, experimental observations [36] showed that the AR's were considerably higher than those of healthy tissue-reasonable result in view of the lower evaporation energy associated with damaged tissue.
The above is a rough estimate and a more sophisticated one can be found in [37] . That work demonstrated that about 15% of absorbed energy is transformed into material heat and the ablation rate is consistent with the above estimate.
From the estimate above, one can see the ablation rate is proportional to deposited energy. But increase of pulse energy results in plasma density increase and growth of reflectivity. Hence, the ablation rate must have a tendency to a diminishedreturn with increasing pulse energy. Our experimental data support this conclusion [see Fig. 2(a) and (b) ].
As we mentioned above, a practical USPL tool must incorporate a pulse train of high pulse repetition rate. To anticipate the effect of such high pulse energy, high PRR systems, we must consider the possible interaction between the pulses. For low repetition rate the effect of importance can be material modification by previous pulses. However, as was indicated above, for USPL the seed electrons for avalanche are produced by the multiphoton absorption and energy deposition are not sensitive to defects and impurities. Experiments support this conclusion: linear increase of the amount of ablated material with number of pulse were demonstrated in [30] , [36] .
The desirable operating repetition rates for material processing is on the order of a kilohertz. For such a system, material removal rate, if added linearly, will corresponds to about 1 mm/s, comparable with parameters of the conventional highspeed dental drill. For laser beams with diameter of about 1 mm, the ejecta removal time is about 1 ms, much smaller than the interval between the pulses. Also, during 1 ms, the heat propagates a distance on the order of a 100 m and temperatures on the surface will drop well below the evaporation temperature. Consequently, energy deposition and ablation by different pulses can be considered independent.
B. Thermal Heating by the Pulse Train
Intense pulses of laser radiation ablate biological tissue by depositing the energy in the very narrow layer near surface. In the process, incident laser energy is partitioned into several components: part of the pulse energy is reflected by the plasma created during the pulse; part is ejected with the vapors during the ablation; part is used to break the bonds in the material; and the rest is spent on material heating. The detailed balance between all these channels is not known yet and only initial simulation are available [37] . To study the thermal effects in the irradiated tissue, we consider the absorption coefficient , which corresponds to the portion of the incident energy transferred to the material heating. The absorption coefficient depends, of course, on material properties, but also on pulse duration, laser intensity, and other time dependent beam parameters. It is, therefore, difficult to reliably estimate and we will use the experimental data to define it. Since on the time scale of a few milliseconds, heat in a typical biological tissue would propagate a distance on the order of 100 m, and, since the interaction zone involving USP, as was discussed above, is on the order of a single micrometer, it is reasonable to expect that in train of short pulses with repetition rate on the order of a kilohertz, the tissue interaction of separate pulses are independent. Also, since the interaction process is localized, even without reliable information about absorption efficiency, we will be able to extract useful scaling information about temperature dependence as a function of laser spot size, repetition rate, tissue parameters, etc.
The temperature evolution in the bulk material is described by the equation (1) where is the thermo-diffusivity coefficient, and is the tissue temperature. This linear equation is valid at distances, sufficiently far from the interaction (ablation and damage) zones. Again, because USPL ablation interaction zone does not exceed a few micrometers, (1) is valid for most of the bulk material.
Consider the heating of a slab with thickness illuminated by the Gaussian beam , the energy absorption is taken into consideration via the boundary condition for (1) (2) Here, is the material heat capacity and is the density. According to the above, material ablation is brought about by a pulse train incident at a rate but every pulse interacts with tissue independently. At the same time, at a distance , heat generated by separate pulses overlap and we can replace the heat flux by the time averaged value
On the rear side of the slab, the thermal flux is assumed to equal zero
The solution of (1) with the above boundary conditions can be presented as [39] (4)
For slab thickness such that , only the first term will have survived in summation and we have the well-known result for the temperature distribution in the semi-infinite media [40] (5) Equation (5) can be expressed in a simpler form for the two asymptotic cases. 1) With beam diameter such that , the temperature distribution is quasi-one-dimensional and temperature near surface in the beam center is increasing as (6a)
2) This result can be understood if we consider the following simple estimates: The energy deposited in the material during the time is equal Also, since this energy is used for heating up to temperature a material volume of thickness , the deposited energy can also be expressed as Equating these two expressions, we arrive at the estimate for the temperature obtained above.
3) In the opposite limit , lateral energy transport becomes important and even with constant pump source, the temperature reaches a steady state value Thus, near the surface, at the beam center we have from (5) (6b)
For
, calculation of the steady state temperature can be simplified by disregarding the factor in the denominator of (5), and we arrive at an expression for the steady state temperature at (7) These results can be understood by considering the following. The steady state solution for (1) is equivalent to the electric potential distribution produced by the localized source. The localized solution, asymptotically proportional , exists only under three-dimensional (3-D) conditions. In the one-dimensional (1-D) case, the localized steady state solution is absent and unlimited temperature increase takes place under the effect of a constant pump. If a material slab is considered, the steady state solution diverges weakly, logarithmically. Hence, the constant pump, asymptotically, must produce very slow temperature increase. The details of temperature evolution in the case of a slab can be evaluated only numerically.
For the temperature on the slab rear surface we obtain from (4) (8)
If we normalize on for the temperature at we arrive at (9) We measured the temperature evolution on the rear side of the thin dentin slab under ultrashort (350 fs) and long (1 ns) pulses [ Fig. 4(a) ]. The much smaller collateral damage for interaction with USPL was also demonstrated in our SEM studies (see Fig. 3 ). In Fig. 4(b) , the comparison of experimental data with the temperatures calculated using (9) is presented. The value of the absorption coefficient was found by fitting the data and is equal to 0.07, which correlates well to results obtained from numerical modeling [37] , [38] .
Note also that in our experiments the temperature was measured on the rear side of the thermally isolated slab. In reality, material can be considered as semi-infinite, the thermal transport inward makes the temperatures lower than in the slab case. Comparison with solution of (1) for this situation indicates that the temperature is smaller ( times in the same distance from surface.) From Fig. 4 , one can see that is approximately equal to three for time durations of approximately 1 min. Temperature in a more realistic situation (a whole tooth and at the same distance from the surface) must be three to four times smaller than those measured in our experiments.
Finally, we considered briefly the evolution of temperatures for a pulse train of the longer, 1-ns pulses. Here, we observed that not only the increase in temperature is much larger in comparison with the ultrashort pulses with approximately the same AR's, but also temperature increases show no saturation effect similar to that of the 1-D case. This observation can be understood in terms of the fact that the much longer ( 10 ) pulse duration allows lateral plasma expansion. Plasma expansion effectively increases the beam size and a new parameter, "the hot spot size" must be considered. The large hot spot (much larger in comparison with the laser beam spot size) was detected by the infrared camera in our experiments. The plasma lateral expansion can provide the additional mechanism for extensive collateral material damage observed by the SEM.
In conclusion, we have investigated the interaction characteristics of an USPL device with hard tissues and compared the effects of the femtosecond pulse regime to that of the much longer nanosecond regime. We have demonstrated negligible collateral damage and a highly efficient AR per pulse. By comparing 350-fs AR's of various tissue types, the greatly reduced sensitivity to the ablated material composition was clearly demonstrated, especially in comparison to our observation from nanosecond ablation of dentin and enamel. Showing the strong dependence of ultrashort pulses, MPA processes on fluence, along with the our scanning electron micrographs showing the confined damage due to this type of pulse laser ablation, the highly precise nature of the interaction was demonstrated as well. Thus, the potential for an efficient, precise, and virtually damage-free USPL operation was demonstrated toward the goal of replacing available conventional technology as well as existing laser procedures in a range of hard tissue surgical and dental procedures.
